Abstract-As wind and solar displace synchronous generators whose inertia stabilizes the AC grid frequency on fast time scales, it has been proposed to use energy storage systems (ESSs) to mitigate frequency transient events. Such events require a rapid surge of power from the ESS, but they occur only rarely. The high temperature tolerance of SiC MOSFETs and diodes presents an opportunity for innovative ESS inverter designs. Herein we investigate a SiC ESS inverter design such that the SiC device ratings are obeyed during mild frequency events but are exceeded during rare, major events, for a potentially more economical inverter design. In support of this proposal we present:
INTRODUCTION
Rapid deployment of inverter-coupled generation on the electric power system (EPS) is driving interest in energy storage systems (ESSs) to support grid frequency [1] , [2] . Severe grid frequency events are typically caused by a generator dropping offline or by the loss of a transmission line, resulting in a major imbalance between generation and load [3] . Referred to as contingency events, these relatively rare occurrences are conventionally mitigated by synchronous generators, but they can also be mitigated by a surge of power into the grid from inverter-based sources [4] - [6] .
The high overload capability [7] and high temperature tolerance [8] , [9] of silicon carbide (SiC) power electronic devices make them a good choice for such an application, potentially allowing the SiC devices to be sized for moderate frequency events but still support the grid during severe events and survive. Designing a SiC ESS inverter in such a manner should result in a more economical design than if the devices were sized to support even the largest contingency events without exceeding their nominal current ratings. This is a significant advantage over silicon IGBT inverters, which have typical overload capabilities of only 20-50% [7] . This paper presents analysis, modeling, and simulations to support the hypothesis that the switches in an ESS inverter for grid frequency support applications can be sized for more common, moderate frequency events and still support the grid during the most severe events without switch failure. Section II presents an analysis of measured frequency events on the U.S. Western Interconnection. Section III presents a switchlevel electrical model of an ESS inverter using SiC MOSFETs and diodes including losses in the switches, followed by simulations using that model to estimate losses during steadystate operation and during a worst-case frequency event. Section IV feeds the switch losses calculated in Section III into a detailed thermal model of a commercially available SiC power module under three cooling scenarios. The results of the thermal analysis predict that the temperature ratings of the SiC devices will not be exceeded during the largest measured frequency event, during which their current ratings are exceeded by 110%. This paper considers only the characteristics of the MOSFETs and diodes themselves. High current and high temperature events will need to be considered when designing other inverter components and interconnects as well, for example by using the techniques described in [7] , [10] , [11] . In addition, the thermal analysis presented here considers individual events only; it does not attempt to analyze the cumulative degradation due to successive events over the course of the inverter's service life. Finally, the effect of simultaneously high voltage and current transients will need to be considered if the SiC devices will experience voltages near their ratings.
A number of different inverter control methods have been proposed to help mitigate frequency events, including droop control, synthetic inertia, and fast frequency response [4] , [5] . All of these methods involve providing a fast surge of power into the grid; the analysis presented here is intended to apply to any such method. Interconnection (comprising the western half of the U.S.), though some minor regional variations would be present. The regional variation in maximum frequency deviation from nominal during each individual event is typically on the order of 0.005 to 0.015 Hz, which is small compared to the frequency events themselves. Events from June of 2011 till March of 2015 are analyzed here.
II. ANALYSIS OF RECENT FREQUENCY EVENTS
Recorded events were filtered to remove spurious frequency recordings resulting from voltage distortion due to large local load steps. This was done by eliminating from the dataset all 30-second windows where the mean absolute change in frequency between adjacent measurements was greater than 0.075 Hz. This filtering method was validated by selectively visually inspecting plotted frequency data to ensure that spurious frequency events (noise) were removed and true events were not. 395 frequency events were recorded whose maximum frequency deviation f max was at least 0.08 Hz. A histogram of these events is shown in Fig. 1 . Note that smaller events ( f max < 0.16 Hz) are quite common whereas larger events ( f max > 0.16 Hz) are relatively rare. The largest event had a frequency nadir or minimum (f min ) of 59.66 Hz and occurred on May 26, 2014.
III. INVERTER ELECTRICAL MODEL

A. Basic Inverter Model
A single-stage, three-phase, 208 V, DQ-controlled ESS inverter was designed using three Cree half-bridge power modules, part number CAS120M12BM2. These modules have a current rating of 120 A, so the nominal inverter power rating is 208* 3*120/ 2 = 30.6 kVA. A switching level model of this inverter was implemented in SimPowerSystems to facilitate loss calculation, as shown in Fig. 2 . The switches themselves were implemented as ideal switches and losses were calculated based on operating conditions as described in the next section.
An outer power control loop was implemented to adjust inverter active power as a function of AC frequency following a frequency-Watt droop characteristic. The droop slope was chosen such that the inverter would reach 62.5 kW, more than double its rated power, during the worst-case frequency event. This represents a droop slope of 0.35%, much steeper than typically used for synchronous machines; the intent is to cause the inverter to significantly exceed its nominal power rating during the worst-case frequency event, thus maximizing the inverter's ability to mitigate the event. Based on this droop characteristic, the typical inverter power in the absence of major frequency events ranges from -6 kW to 6 kW. Hence the baseline operating scenario is taken to be -6 kW operation to provide a worst-case estimate of the switch module temperatures prior to a frequency event.
The inverter model was connected to a three-phase variable-frequency voltage source to simulate its response to frequency events.
B. Modeling Losses in Switch Devices
Losses in SiC devices are functions of switch current and temperature [12] . Equations for switching and conduction losses were generated by polynomial curve-fitting to points on the power module data sheet as described in equations (1) - (4) . The polynomial fit coefficients were determined through linear regression. In each case, the coefficient of determination (R 2 ) of the fit was at least 0.98, such that the error in the loss estimation due to mismatch between the data sheet values and the estimates from (1) -(4) is very small. Total switching loss E S (Joules) per switching event as a function of on-state current I DS was modeled using (1) based on Figure 19 of the data sheet with V DC = 600 V and R G = 2.5 . From Figure 22 of the data sheet, switching loss has little temperature dependence. 
MOSFET forward conduction resistance R DS,on ( ) as a function of I DS at 75°C was modeled using (2) based on data sheet Figure 5 by interpolating between the curves for 150°C and 25°C. 
MOSFET reverse conduction voltage drop V DS as a function of I DS at 75°C and gate-to-source voltage V GS = 20 V was modeled using (3) by interpolating between Figure 13 and Figure 14 of the data sheet. interpolating between Figure 10 and Figure 11 of 
For reverse conduction, the MOSFET conducts whenever it is on; the diode only conducts during the dead time intervals.
Loss equations (1) - (4) were inserted into the inverter model described above and losses were calculated starting from a steady-state operating condition of -6 kW and transitioning to a worst-case frequency event response in which the inverter exports 62.5 kW. Fig. 3 depicts the losses during the event, and Table I shows the estimated losses in each halfbridge switch element.
IV. POWER BLOCK THERMAL MODEL
This section describes the detailed three-dimensional thermal model that was developed of the Cree SiC power module. It then presents the results of transient and steadystate thermal modeling of the module during the worst-case frequency contingency event identified above. Three cooling methods are considered:
1. Liquid-cooled aluminum heat sink with water-ethylene glycol (WEG) coolant 2. Air-cooled aluminum heat sink 3. Direct-cooled module base plate, WEG coolant.
A. Thermal Model
The inverter described above uses three Cree half-bridge power modules, part number CAS120M12BM2. The shape of the Cree module is similar to a disassembled Semikron halfbridge module in NREL's Advanced Power Electronics and Electric Machines laboratory. For this reason, the dimensions were used to create a 3D CAD model of similar shape. The MOSFET and diode areas were adjusted to match the thermal resistance values of the Cree data sheet rather than the actual SiC die geometries. The CAD model of the approximated Cree module is shown in Fig. 4 . The layer dimensions, thicknesses, and material properties are approximations based on conventional values or commonly used values for packages. As seen in the figure, the MOSFET area is slightly smaller than the diode area which matches with the junction-to-case thermal resistance values of the specification sheet. In addition, each MOSFET-diode pair consists of two MOSFETs and two diodes in parallel, so the complete half-bridge contains four MOSFETs and four diodes.
For the two cooling methods with heat sinks, an aluminum heat sink and a grease thermal interface material (TIM) were added to the model of the Cree module. A portion of the heat exchanger was modeled rather than modeling the full coolant channel and fins. The effect of the fins and any coolant channels are reflected in the convection coefficient applied to the back or bottom side of the model using the Effectiveness-NTU approach [13] , [14] , as described in Appendix A. For the thermal finite element analysis (FEA) model, the module's quarter-symmetry condition was used to reduce the FEA model size. A quarter of the half-bridge module was modeled within ANSYS. All thermal impedances listed below are scaled to represent one switch element or half of the module.
A mesh sensitivity analysis was performed for each of the FEA models (liquid-cooled heat sink, air-cooled heat sink, and directly cooled baseplate). The sensitivity analyses found that the model results were not impacted by additional mesh refinements. The energy balance of the model solutions was also checked for each solution.
B. Thermal Simulation Results
While the inverter's response to the worst-case frequency event ramps up power over several AC line cycles, on a thermal time scale the power ramp is fast enough that it can be effectively modeled as a step response. The heat loads shown in Table I were applied to the MOSFET and diode. Note that because each of the two switches in the half-bridge consists of two MOSFETs and two diodes, the heat loads from Table I were halved for the thermal analysis. Volumetric heat loads were applied to the dies, and a convection boundary condition was applied to the bottom or back side of the layer representing the heat exchanger. This section presents final steady-state and transient simulation results of a step from the losses associated with 6 kW operation to those associated with 62.5 kW operation.
For the liquid-cooled heat sink scenario, a 50°C inlet coolant temperature was applied with a convection heat transfer coefficient of 10,000 W/m 2 K, which is representative of a baseline water-ethylene glycol cooled cast heat exchanger. Fig. 5 shows the steady-state temperatures following the worstcase frequency event. Because most of the losses are concentrated in the MOSFET, it reaches a much higher peak temperature than the diode, but both remain below the rated peak junction temperature of 150°C. Fig. 6 shows the switch-level transient thermal impedance of the conventionally liquid-cooled module with TIM and heat sink, as calculated in ANSYS for the step from 6 kW to 62.5 kW operation. Fig. 7 shows the temperature response of that module to the load step.
For the air-cooled scenario a 40°C inlet air temperature was applied. Two different convection heat transfer coefficients (h) were modeled: 500 W/m 2 K and 1000 W/m 2 K, representative of the performance of a range of forced convection air-cooled heat exchangers. A larger footprint area of the heat exchanger was used to improve heat spreading for the air cooled configuration. The air-cooled heat sink was not optimized for this analysis. The primary intent was to look at the feasibility of air cooling for the intended application. The steady-state results at 62.5 kW operation for the 1000 W/m 2 K heat transfer coefficient are shown in Fig. 8 . The maximum steady-state temperatures and thermal impedances for both heat transfer coefficients are shown in Table II . For both heat transfer coefficients, the steady-state temperatures at the high heat load condition exceed the 150°C temperature rating of the module. Fig. 9 shows the transient response of the air-cooled module with a step change in heat load to the high heat load condition after reaching the steady-state operating temperature for the low heat condition. At 500 W/m 2 K the module approaches steady-state thermal impedance after approximately 300 seconds. At 1000 W/m 2 K the module approaches steadystate thermal impedance after approximately 100 seconds. From Fig. 9 it is also possible to see that for both convective boundary conditions the temperature is below 150°C after 10 seconds, giving the inverter some capacity to support the critical first few seconds of the frequency event before the temperature rating is reached.
Because the air-cooled module temperature is below the module rating for the first 10 seconds, it is also interesting to evaluate how long the module temperature would need to recover before responding to another frequency event. As shown in Fig. 10 , the temperature recovery is 95% complete within 60 seconds or 160 seconds for the higher and lower heat transfer coefficients, respectively.
For the direct-cooled base plate scenario, a 50°C inlet coolant temperature was applied with a convective heat transfer coefficient of 20,000 W/m 2 K, which is representative of a more aggressive cooling approach using water-ethylene glycol. The heat transfer coefficient is defined in Appendix A. The steady-state temperature results are shown in Fig. 11 . The maximum temperature of 111°C is well within the device rating and also below the maximum temperatures from the conventionally liquid-cooled scenario.
For the transient step from 6 kW to 62.5 kW operation the thermal impedance curve (not shown) shows a faster rise time than the WEG-cooled heat sink (Fig. 6 ) and peaks at a lower value of 0.18 K/W. This change in thermal impedance is reflected in the maximum device temperature curve over the course of the step change, as pictured in Fig. 12 .
Both WEG cooling configurations appear capable of operating at the high heat load condition with the steady-state temperature below the module limitation of 150°C. The aircooled configuration appears capable of operating for at least 10 seconds at the high heat load condition.
The evaluated heat exchangers were intended for a feasibility analysis. Additional work for the air cooling approach could potentially extend the operating time at the high heat load condition. Adjustments to the module package could also increase the potential running time at the high heat load condition. Options could include approaches to add thermal capacitance to the module to increase the temperature rise time of the module. Also, SiC devices have the potential to run at higher temperatures beyond the temperatures listed in the current module specification. For example, if the temperature limits were increased to 200°C the module would be capable of running within the steady-state temperature limit at the high heat load condition with air cooling (h = 1000 W/m 2 K).
V. CONCLUSION
This paper has presented a series of analyses to support the conclusion that it may be possible to undersize SiC devices (MOSFETs and diodes) used in inverters designed for fast grid frequency support relative to the maximum power requirement during worst-case frequency events. The temperatures of the SiC power module analyzed in this paper remained below rated temperature for the various cases analyzed, though in the aircooled case additional design optimization would be needed to mitigate a worst-case frequency event for longer than 10 seconds. Because SiC devices are generally capable of hightemperature operation, these results are expected to be broadly applicable beyond the specific devices modeled here.
APPENDIX A HEAT TRANSFER COEFFICIENT CALCULATIONS
The heat transfer rate for the heat exchanger is defined according to (5) using the Effectiveness-NTU approach [13] , [14] , where is the heat exchanger effectiveness, m is the coolant mass flow, c p is the coolant specific heat, T surf,av is the average surface temperature, and T c,i is the coolant inlet temperature. The heat exchanger effectiveness is calculated from (8) and (9) after first calculating or measuring the heat exchanger convective heat transfer coefficient (U) over a defined surface (A) which is used to calculate the number of transfer units (NTU). 
